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ABSTRACT
The Transiting Exoplanet Survey Satellite (TESS) will embark in 2018 on a 2-year wide-field survey mission, discov-
ering over a thousand terrestrial, super-Earth and sub-Neptune-sized exoplanets (Rpl ≤ 4R⊕) potentially suitable for
follow-up observations using the James Webb Space Telescope (JWST). This work aims to understand the suitability
of anticipated TESS planet discoveries for atmospheric characterization by JWST’s Near InfraRed Imager and Slitless
Spectrograph (NIRISS) by employing a simulation tool to estimate the signal-to-noise (S/N) achievable in transmission
spectroscopy. We applied this tool to Monte Carlo predictions of the TESS expected planet yield and then compared
the S/N for anticipated TESS discoveries to our estimates of S/N for 18 known exoplanets. We analyzed the sensitivity
of our results to planetary composition, cloud cover, and presence of an observational noise floor. We find that several
hundred anticipated TESS discoveries with radii 1.5R⊕ < Rpl ≤ 2.5R⊕ will produce S/N higher than currently known
exoplanets in this radius regime, such as K2-3b or K2-3c. In the terrestrial planet regime, we find that only a few
anticipated TESS discoveries will result in higher S/N than currently known exoplanets, such as the TRAPPIST-1
planets, GJ1132b, and LHS1140b. However, we emphasize that this outcome is based upon Kepler-derived occurrence
rates, and that co-planar compact multi-planet systems (e.g., TRAPPIST-1) may be under-represented in the predicted
TESS planet yield. Finally, we apply our calculations to estimate the required magnitude of a JWST follow-up pro-
gram devoted to mapping the transition region between hydrogen-dominated and high molecular weight atmospheres.
We find that a modest observing program of between 60 to 100 hours of charged JWST time can define the nature of
that transition (e.g., step function versus a power law).
Keywords: eclipses — infrared: planetary systems — instrumentation: spectrographs — planets and
satellites: atmospheres — space vehicles: instruments — techniques: spectroscopic
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1. INTRODUCTION
The approaching launch of the James Webb Space
Telescope (JWST), coupled with the 2018 launch of
the Transiting Exoplanet Survey Satellite (TESS), her-
alds a new era in exoplanet science, with TESS pro-
jected to detect over one thousand transiting exoplanets
smaller than Neptune (Ricker et al. 2014), and JWST of-
fering unprecedented spectroscopic capabilities through
which we can examine exoplanetary atmospheres (Gard-
ner et al. 2006; Beichman et al. 2014; Greene et al. 2016).
One goal of exploring exoplanet atmospheres is to
identify biosignatures, thus firmly establishing whether
life exists on planets orbiting other stars (Seager & Dem-
ing 2010). Further, because water is necessary for life
on Earth, we expect life will develop on planets able
to maintain liquid water, and atmospheric water vapor
can be used as a proxy for liquid surface water (Sea-
ger 2013). Rather than focusing on true Earth analogs,
Charbonneau & Deming (2007) describe the advantages
offered through atmospheric characterization of super-
Earths orbiting in the habitable zone (HZ) of nearby
M-dwarfs.
Sullivan et al. (2015) used Monte Carlo simulations to
predict that TESS will detect approximately 1,700 tran-
siting planets orbiting pre-selected target stars during its
2-year wide-field survey of the northern and southern
ecliptic hemispheres. The simulations employ Kepler-
derived planet occurrence rates, as well as photometric
performance models for the TESS cameras. Notably,
Sullivan et al. (2015) found that about one-third of the
TESS-discovered transiting exoplanets will have radii
less than twice that of the Earth’s, and three-quarters of
these Rpl < 2R⊕ planets will orbit M-dwarfs. Slightly
fewer than 10 percent of the Rpl < 2R⊕ planets will or-
bit near or within their host star’s habitable zone. Ex-
oplanets found by TESS will orbit stars 10-100 times
brighter than those found during Kepler’s primary mis-
sion, thus facilitating follow-up characterization of their
atmospheres (Ricker et al. 2014).
Although TESS is poised to discover a multitude
of M-dwarf-transiting sub-Neptune-sized and smaller
exoplanets, other missions and ground-based projects
have already discovered many favorable transiting plan-
ets. NASA’s Kepler spacecraft was repurposed to ful-
fill the K2 mission, which includes observation of tran-
siting exoplanets orbiting bright, low-mass stars (How-
ell et al. 2014). Furthermore, ground-based surveys
such as MEarth (Irwin et al. 2015, 2009; Nutzman &
Charbonneau 2008) and TRAPPIST (Jehin et al. 2011)
have recently announced exciting exoplanet discoveries,
such as that of GJ1132 (Berta-Thompson et al. 2015),
the seven terrestrial-sized TRAPPIST-1 planets (Gillon
et al. 2016, 2017), and the habitable zone super-Earth
LHS-1140b (Dittmann et al. 2017).
The targeted planets for JWST atmospheric charac-
terization studies must be chosen wisely to maximize
the amount of scientific knowledge attained for a given
amount of JWST observation time (Howe et al. 2017;
Batalha & Line 2017). During its 2-year primary mis-
sion, TESS will discover exoplanets continually, and the
first discoveries will not necessarily be those most con-
ducive to follow-up atmospheric characterization.
One motivation of this paper is to determine which
TESS discoveries will produce the highest signal-to-
noise (S/N) in transmission spectroscopy using the
JWST Near-Infrared Imager and Slitless Spectrograph
(NIRISS) operating in Single Object Slitless Spec-
troscopy (SOSS) mode. To attain this goal, we simulate
NIRISS instrument performance during observations of
the anticipated TESS exoplanet discoveries, limiting
our predictions to planets with Rpl < 4R⊕. We then
compare our results for the TESS planets to similar
predictions for selected exoplanets already discovered
via space-based or ground-based surveys. This com-
parison allows us to predict the highest priority TESS
discoveries for immediate confirmation and follow-up
observation. Furthermore, the TESS discoveries we
examine lie within that regime where planets transi-
tion from rocky planets surrounded by high molecular
weight atmospheres, to icy sub-Neptunes enveloped in
hydrogen-dominated atmospheres (Fulton et al. 2017).
Thus, an additional motivation of our work is to predict
the magnitude of the observational program required to
map this transition region.
Numerous past studies have estimated JWST’s ca-
pabilities during exoplanet atmosphere characterization
(Deming et al. 2009; Clampin 2011; Belu et al. 2011;
Beichman et al. 2014; Barstow et al. 2015; Greene et al.
2016; Barstow et al. 2016; Crouzet et al. 2017; Batalha
& Line 2017; Howe et al. 2017; Mollie`re et al. 2017),
and NIRISS has emerged as the workhorse instrument
for transit spectroscopy (e.g., Stevenson et al. 2016).
Greene et al. (2016) modeled archetypal hot Jupiter,
warm Neptune, warm sub-Neptune, and cool super-
Earth exoplanets observed using several JWST instru-
ments during both transit and secondary eclipse. One of
their conclusions was that NIRISS transit spectra alone
can often constrain the major molecular constituents
of clear solar atmospheres, although additional wave-
length coverage may be required in certain cases. Howe
et al. (2017) and Batalha & Line (2017) used infor-
mation content analysis–often used in studies of solar
system atmospheres–to explore optimization of multiple
JWST instruments and modes during observations of
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exoplanet atmospheres in transmission. In their exami-
nation of 11 transiting hot Jupiters, Howe et al. (2017)
found that within the constraints of their model, NIRISS
consistently provides the most information content for a
given integration time. Batalha & Line (2017) studied
an Rpl = 1.39RJupiter planet of various temperatures,
C/O ratios, and metallicities, orbiting WASP-62. They
found that a single observation with NIRISS SOSS al-
ways provides the spectra with the highest information
content and tightest constraints. Additionally, when
combining two modes, the highest information content
spectra with tightest constraints are found by combining
NIRISS SOSS with NIRSpec G395 M/H.
Here, we build upon these previous studies by pre-
dicting the properties of the population of TESS dis-
coveries with Rpl ≤ 4R⊕ that will be most conducive
to NIRISS follow-up transit spectroscopy observations,
and we then apply our findings to estimate the scope
of a JWST follow-up program to map the transition re-
gion between hydrogen-dominated and high molecular
weight atmospheres.
Crouzet et al. (2017) also predicted the capabilities
of NIRISS, as well as of SOPHIE and SPIRou, in a
follow-up program of the Sullivan et al. (2015) antici-
pated TESS discoveries. Our work differs from theirs
in that we investigate only NIRISS observations, but
we attempt to do so as realistically as possible. We
include the sensitivity of our results to factors such as
clouds, planetary composition, observational overhead,
and systematic noise. Our instrument simulator also
more closely emulates actual NIRISS observations for
all of the planets considered, and we employ theoretical
transmission spectra (rather than an atmospheric annu-
lus) to estimate the signal produced by the planetary
atmosphere during transit. In addition, to improve the
reliability of our results, we analyze 50 Monte Carlo re-
alizations of the TESS primary mission. Prior to JWST
follow-up observations of TESS-discovered exoplanets,
further characterization of TESS planet masses using
the radial velocity technique with instruments such as
SOPHIE or SPIRou will be required. In particular, the
SPIRou near-infrared spectrometer will be important in
characterizing the masses of small planets such as those
examined in this work. Thus, our results are comple-
mentary to those of Crouzet et al. (2017) in defining a
JWST follow-up strategy for TESS-discovered exoplanet
observations.
Recently, Crossfield & Kreidberg (2017) examined
characteristics of six well-studied warm Neptunes, or
short period planets of size 2R⊕ < Rpl < 6R⊕. They
found that the amplitude of a given planet’s spectral
transmission features correlates with either the planet
equilibrium temperature, or with the bulk mass fraction
of H/He in the planetary atmosphere. Crossfield & Krei-
dberg (2017) applied their findings to the Sullivan et al.
(2015) anticipated TESS discoveries within the same ra-
dius regime, estimating the observation time required to
distinguish features in planetary spectra using NIRISS.
They show that the number of warm Neptune TESS
planets amenable to atmospheric characterization may
decrease by up to a factor of eight if transmission am-
plitude decreases linearly with the bulk mass fraction
of H/He. The work of Crossfield & Kreidberg (2017)
serves to identify trends in features of TESS planet dis-
coveries that can be used to select the best planets for
atmospheric characterization follow-up studies.
Our paper is organized as follows. In Section 2, we
describe pertinent exoplanet system properties for both
the anticipated TESS discoveries and the existing exo-
planets; we discuss our use of stellar and transmission
spectra; and we describe the function of our NIRISS
simulation tool. In Section 3, we present our findings,
quantifying the sensitivity of our results to such factors
as planetary composition, observational overhead, plan-
etary cloud cover, and existence of systematic noise. We
use our estimated S/N to produce simulated spectra for
three existing exoplanets. In Section 4, we apply our
findings to estimate the scope of a JWST follow-up pro-
gram devoted to mapping the transition region between
high molecular weight and hydrogen-dominated atmo-
spheres. We summarize in Section 5.
2. METHODS
We require three major components to successfully
predict NIRISS signal-to-noise. First, we require sys-
tem parameters for the planetary systems that we wish
to observe. Below, we describe our use of anticipated
TESS discoveries in Section 2.1, and our use of plan-
ets already discovered in space-based and ground-based
surveys in Section 2.2. The second major component
is model spectra for both the star and the planetary
atmosphere, which we describe in Section 2.3. Finally,
we require a simulator that models NIRISS operational
performance, which we present in Section 2.4.
2.1. Predicted Properties of TESS Discoveries
Sullivan et al. (2015) used Monte Carlo simulations to
predict the properties of the planets that TESS is likely
to detect, and published a catalog of 1,984 planets rep-
resenting the planet yield from a single Monte Carlo
realization of the TESS primary mission. The pub-
lished catalog only includes planets detected from pres-
elected target star observations rather than full frame
image data. The target star detections make up all
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of the expected TESS detections for Rpl < 2R⊕, and
∼30% of the detections for 2R⊕ < Rpl < 4R⊕. Sulli-
van et al. (2015) adopted Kepler planet occurrence rates
from Fressin et al. (2013) for FGK stars, and from Dress-
ing & Charbonneau (2015) for stars with Teff < 4000 K.
The Sullivan et al. (2015) TESS simulated planet cat-
alog contains properties of the planetary systems, which
we use as inputs to the NIRISS simulator. Parameters
include stellar temperature and radius, distance and J-
band magnitude, and planetary radius and insolation.
We assume all planets are on circular orbits with an im-
pact parameter of 0.5 during transit. From the catalog
properties, we can calculate other required quantities,
such as transit duration (T14) and orbital semi-major
axis. Importantly, the simulated TESS planet catalog
does not contain planetary mass, which is required to
calculate the scale height of the atmosphere for the plan-
ets, and thus is important in estimating the transmission
spectroscopy signal.
To calculate the mass of the TESS planets, we ex-
plored using a variety of empirical mass-radius relation-
ships (Weiss & Marcy 2014; Wolfgang et al. 2016; Chen
& Kipping 2017), and ultimately adopted the Chen &
Kipping (2017) model. Chen & Kipping (2017) examine
316 objects with well-constrained masses and radii to de-
velop their relationship. In fitting their empirical data,
they employ a broken power-law spanning four regimes
which they describe as Terran, Neptunian, Jovian, and
Stellar worlds. Unlike other approaches, in their anal-
ysis Chen & Kipping (2017) treat the transition points
between regimes as free parameters. Their final result is
a probabilistic model with credible intervals of values for
the transition points, power-law indices in each regime,
and radius dispersion in each regime.
In our application of the Chen & Kipping (2017) bro-
ken power-law model to TESS planets with Rpl < 4R⊕,
we employ only the portion of the model valid for Terran
and Neptunian worlds, which is given by
Mpl = 0.9718R
3.58
pl (1)
for Rpl < 1.23R⊕, and
Mpl = 1.436R
1.70
pl (2)
for 1.23R⊕ ≤ Rpl < 14.26R⊕, where mass and radii are
given in units of M⊕ and R⊕, respectively. We apply
only the basic model and do not vary the parameters
within the credible interval.
In reality, the planets that TESS discovers will not fall
squarely upon the Chen & Kipping (2017) mass-radius
relationship, but will exhibit some variation depending
upon planetary composition, which in turn will affect
the signal-to-noise (S/N) we compute in this project. To
determine the sensitivity of alternative planetary com-
positions on our results, we show in Section 3 the S/N
attained for planets composed of pure iron (Fe), per-
voskite (MgSiO3), and ice (H2O). In Figure 1, we com-
pare the Chen & Kipping (2017) mass-radius relation-
ship to the theoretical mass-radius relationships found
in Seager et al. (2007) for planets of homogeneous com-
positions. All models are applied to the Sullivan et al.
(2015) predicted TESS exoplanet discoveries.
The Sullivan et al. (2015) catalog of TESS discover-
ies represents only one possible realization of the TESS
primary mission. To improve statistical confidence in
our results, we also applied our NIRISS simulator to
Monte Carlo simulations for 50 trials of the TESS pri-
mary mission, provided by Bouma et al. (2017). Bouma
et al. (2017) used the same techniques as Sullivan et al.
(2015) in determining the planet yield for each trial of
the TESS primary mission.1
2.2. Selection of Known Exoplanets for Comparison
We examined the NASA Exoplanet Archive2 (Akeson
et al. 2013) and the literature seeking Neptune-sized or
smaller (Rpl ≤ 4R⊕) confirmed exoplanet discoveries
likely to produce strong signals in transmission if ob-
served by NIRISS. For example, with all other factors
the same, an exoplanet with a larger planet-to-star ra-
dius ratio will produce a larger transmission spectrum
signal. In addition, a planet with a smaller density will
have an atmosphere with a larger scale height, which will
also produce a higher signal. In searching the archive,
we sought planets with masses estimated through ob-
servations that are orbiting host stars smaller than the
Sun. Tables 1 and 2 list the exoplanets and their pa-
rameters used in this study. In Sections 2.2.1 and 2.2.2
we discuss further details concerning our choice of these
exoplanets for examination.
2.2.1. Space-Based Exoplanet Discoveries
We primarily examine space-based discoveries from
the K2 mission (Howell et al. 2014). However, we also
look at one discovery from the COnvection, ROtation
and planetary Transits (CoRoT) minisatellite mission
(Baglin et al. 2006), as well as one multiplanetary system
discovered during Kepler’s primary mission (Borucki
et al. 2009).
In October 2009, Le´ger et al. (2009) announced
CoRoT-7b, heralding the discovery as the first super-
Earth with a measured radius. The planet serves as
1 Fifty trials of TESS primary mission from Bouma et al.
(2017) may be found at http://scholar.princeton.edu/jwinn/
extended-mission-simulations.
2 http://exoplanetarchive.ipac.caltech.edu
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Figure 1. Comparison of the empirical Chen & Kipping (2017) mass-radius relationship (equations 1 and 2) to the theoretical
models of Seager et al. (2007). In (a) we show the masses calculated for each model applied to the Sullivan et al. (2015)
predicted TESS exoplanet discoveries. In (b) we show the resulting exoplanet densities. Masses and densities of space-based
and ground-based discoveries analyzed in this project are plotted for comparison.
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an interesting point of comparison to TESS discoveries,
since it orbits a G9V host star that is hotter than most
of the best anticipated TESS discoveries.
Kepler discovered thousands of exoplanet candidates,
but only some of these planets have estimated masses.
A search of the NASA Exoplanet Archive3 reveals that
Kepler-138 is the only M-dwarf hosting planets with es-
timated masses and with radii less than 1.5R⊕. We con-
sider this system to determine how the S/N compares
to the TESS discoveries.
The K2 mission differs from and is complementary to
TESS in that the target fields are located along the eclip-
tic plane, a field that is not observed during the TESS
primary mission. In this study, we first compare the
anticipated TESS-discovered exoplanets to those K2-
discoveries with M dwarf host stars. In particular, we
look at two planets from the K2-3 system, as well as
K2-95b. We did not look at K2-3d due to uncertainties
in its mass estimate. We add to this list HIP-116454b, a
2.53R⊕ planet orbiting a bright K-dwarf which was K2’s
first exoplanet discovery. The planet serves as an inter-
esting point of comparison because its brightness is near
the NIRISS J-band limiting magnitude, and the host
star is somewhat hotter than the best-anticipated TESS
discoveries. We also examine Neptune-sized WASP-47d
and the super-Earth WASP-47e, which orbit a G9V host
star with an estimated radius slightly larger than our
Sun’s. Because these latter three planets orbit host stars
that are hotter, and thus larger, than many TESS dis-
coveries, we expect the transit depths to be smaller, and
thus the S/N to be lower, than most TESS discoveries.
2.2.2. Exoplanets Discovered by Ground-Based Surveys
The ground-based discoveries examined in this work
were found in either the MEarth survey or the TRAnsit-
ing Planets and PlanetesImals Small Telescope (TRAP-
PIST) survey.
The MEarth-North and MEarth-South transit surveys
were designed to search for super-Earths orbiting mid-
to-late M dwarfs with radii less than 0.33R that are
located within 33 parsecs of the Earth (Irwin et al.
2015, 2009; Nutzman & Charbonneau 2008). Here, we
examine two MEarth-South discoveries: GJ1132b and
LHS1140b.
Berta-Thompson et al. (2015) announced the discov-
ery of GJ1132b in November 2015. Since that time, fur-
ther studies conducted using ground-based facilities and
the Spitzer Space Telescope have allowed further refine-
ment of system parameters such as stellar and planetary
radii (Dittmann et al. 2016). The water atmosphere
3 Accessed 3 May 2017
we examine in this work is one plausible atmospheric
composition for GJ1132b. In addition, Dittmann et al.
(2017) recently reported observations of LHS1140b, a
nearby 1.4R⊕ super-Earth orbiting its M dwarf host star
within the habitable zone. The authors note that if this
super-Earth had an extended magma-ocean phase, then
water may have remained in the mantle until the star
reached its current luminosity, thus allowing the pres-
ence of water in its atmosphere.
One goal of the TRAPPIST survey is to monitor a se-
lect sample of ultra-cool dwarf stars for planetary tran-
sits (Jehin et al. 2011). Gillon et al. (2016, 2017) de-
termined that TRAPPIST-1 hosts at least seven Earth-
sized planets that are likely to be tidally synchronized.
de Wit et al. (2016) analyzed the combined transmission
spectrum of TRAPPIST-1 b and c, determining that the
featureless spectrum ruled out a cloud-free hydrogen-
dominated spectrum on the two planets. However, heav-
ier atmospheres, such as the water atmosphere stud-
ied here, remain plausible. Although here we examine
the signal produced by water lines in a water atmo-
sphere, we note that the actual atmospheric composi-
tion of the TRAPPIST-1 planets depends upon several
factors, such as X-Ray and EUV fluxes, which are areas
of active research (O’Malley-James & Kaltenegger 2017;
Wheatley et al. 2017; Bourrier et al. 2017).
Multiple recent studies (Quarles et al. 2017; Wang
et al. 2017) have estimated the masses of the TRAPPIST-
1 planets in order to further constrain the planetary
compositions. In this work, we use the planetary masses
inferred by Quarles et al. (2017) using N-body dynam-
ical simulations that determine planetary parameters
stable over millions of years.
The masses of the TRAPPIST-1 planets and of LHS-
1140b are not well constrained. Since the density of
the planet used in simulations impacts the scale height
and thus the predicted S/N, uncertain mass estimates
may lead to incorrect conclusions. Thus, for compari-
son, we also calculate S/N for the TRAPPIST-1 planets
and LHS-1140b by assuming an Earthlike composition.
We use the semi-empirical mass-radius relationship de-
veloped by Zeng et al. (2016), assuming a core mass frac-
tion of 0.3, the same as that for Earth and Venus. Since
the relationship does not apply to planets with masses
less than 1M⊕, for TRAPPIST-1d and TRAPPIST-1e,
we simply assume the density is the same as that of
Earth’s. Table 3 shows the masses and densities we used
for these alternative calculations.
2.3. Spectra
The models we use for stellar and transmission spec-
tra allow us to estimate both the signal and the noise
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Table 1. Space-based exoplanet discoveries used for comparison
Exoplanet J Distance Stellar Stellar Planet Planet Planet Semi-major Impact
Radius, R∗ Temperature Radius, Rpl Mass, Mpl Temperature1 Axis Parameter, b
(mag) (pc) (R) (K) (R⊕) (M⊕) (K) (AU)
CoRoT-7b2 10.301 153.7 0.820 5259 1.585 4.73 1756 0.017016 0.713
HIP-116454b3 8.60 55.2 0.716 5089 2.53 11.82 690 0.0906 0.65
K2-3b4 9.421 42 0.561 3896 2.14 8.1 463 0.0769 0.54
K2-3c5 9.421 42 0.561 3896 1.644 2.1 344 0.1405 0.31
K2-95b6 13.312 172 0.402 3471 3.47 10.99 415 0.0653 0.32
Kepler-138b7 10.293 66.5 0.442 3841 0.522 0.066 444 0.077 0.53
Kepler-138c 10.293 66.5 0.442 3841 1.197 1.970 409 0.0906 0.922
Kepler-138d 10.293 66.5 0.442 3841 1.212 0.640 344 0.12781 0.767
WASP-47d8 10.613 200 1.18 5475 3.71 12.75 986 0.0846 0.18
WASP-47e 10.613 200 1.18 5475 1.87 9.11 2221 0.01667 0.17
1 Equilibrium temperatures are calculated assuming zero albedo and uniform redistribution of heat.
2 CoRoT-7b system parameters from Le´ger et al. (2009), Barros et al. (2014), and Haywood et al. (2014)
3 HIP-116454b system parameters from Vanderburg et al. (2015)
4 K2-3b system parameters from Sinukoff et al. (2016) and Dai et al. (2016)
5 K2-3c system parameters from Sinukoff et al. (2016) and Almenara et al. (2015)
6 K2-95b system parameters from Obermeier et al. (2016) and Mann et al. (2017). Obermeier et al. (2016) estimated the planetary mass
using an empirical mass-radius relationship.
7 Kepler-138a, b, and c system parameters from Muirhead et al. (2012), Jontof-Hutter et al. (2015), and Souto et al. (2017)
8 WASP-47d and e system parameters from Becker et al. (2015) and Sinukoff et al. (2017)
that we detect from a given planetary system. With
stellar model spectra, we determine the number of pho-
tons output by a host star at each wavelength across the
NIRISS bandpass. The photons received from the host
star make up the major source of noise in our simula-
tions. Our transmission spectroscopy code provides the
wavelength-dependent fraction of the stellar area that
is blocked by an exoplanet during transit, which consti-
tutes the signal in our simulations. In Sections 2.3.1 and
2.3.2, we describe these important inputs to our NIRISS
simulator.
2.3.1. Stellar Spectra
PHOENIX/BT-NextGen and PHOENIX/BT-Settl
stellar emission spectrum grids (Allard et al. 2012)
provide stellar flux across the NIRISS bandpass at a
resolution of ∼2 Angstroms. We employ solar metal-
licity spectra, which include the effects of absorption
from molecules such as water vapor (Barber et al. 2006)
in the stellar atmosphere. The host stars of our target
systems range in effective temperature from 2,090 K to
14,655 K. We employ BT-Settl models for host stars
with effective temperatures less than 2,600 K,4 and BT-
NextGen models for those systems with higher effective
temperatures. BT-NextGen models span stellar tem-
perature values from 2,600 K to 70,000 K, and log(g)
values from −0.5 to 6.0. Stellar models are provided in
log(g) increments of 0.5, and in temperature increments
of 100 K up to a stellar temperature of 7,000 K, then in
temperature increments of 200 K up to a temperature of
12,000 K, and thereafter in temperature increments of
4 In all of our calculations, only 43 systems adopt BT-Settl
stellar models. For the published Sullivan et al. (2015) planetary
systems, only one has a host star of temperature less than 2,600
K, and for the 50 Monte Carlo realizations of the TESS primary
mission, only 42 stellar systems (out of 124,173) have host stars
with effective temperatures less than 2,600 K.
8 Louie et al.
Table 2. Ground-based exoplanet discoveries used for comparison
Exoplanet J Distance Stellar Stellar Planet Planet Planet Semi-major Impact
Radius, R∗ Temperature Radius, Rpl Mass, Mpl Temperature1 Axis Parameter, b
(mag) (pc) (R) (K) (R⊕) (M⊕) (K) (AU)
GJ11322 9.245 12.04 0.2105 3270 1.13 1.62 579 0.01619 0.38
LHS-1140b3 9.612 12.47 0.186 3131 1.43 6.65 230 0.0875 0.155
TRAPPIST-1b4 11.4 12.1 0.117 2559 1.088 0.76 400 0.01111 0.126
TRAPPIST-1c 11.4 12.1 0.117 2559 1.057 1.34 342 0.01522 0.161
TRAPPIST-1d 11.4 12.1 0.117 2559 0.722 0.41 288 0.02144 0.170
TRAPPIST-1e 11.4 12.1 0.117 2559 0.919 0.58 251 0.02818 0.120
TRAPPIST-1f 11.4 12.1 0.117 2559 1.045 0.69 219 0.03707 0.382
TRAPPIST-1g 11.4 12.1 0.117 2559 1.130 1.43 199 0.04510 0.421
1 Equilibrium temperatures are calculated assuming zero albedo and uniform redistribution of heat.
2 GJ1132 system parameters from Berta-Thompson et al. (2015) and Dittmann et al. (2016)
3 LHS-1140b system parameters from Dittmann et al. (2017)
4 TRAPPIST-1 system parameters from Gillon et al. (2017) and Quarles et al. (2017)
Table 3. Masses for select exoplanets as-
suming an Earthlike composition
Exoplanet Planet Planet
Mass, Mpl Density
(M⊕) (g cm−3)
LHS-1140b 3.73 7.03
TRAPPIST-1b 1.36 5.81
TRAPPIST-1c 1.22 5.69
TRAPPIST-1d 0.38 5.51
TRAPPIST-1e 0.78 5.51
TRAPPIST-1f 1.17 5.65
TRAPPIST-1g 1.56 5.96
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500 K. Our simulation routine selects the stellar model
with effective temperature and log(g) values closest to
the particular planetary system we wish to observe.
2.3.2. Planetary Atmospheres and Transmission Spectra
The TESS planet catalog discussed in Section 2.1 in-
cludes planetary radii, but the radii do not vary with
wavelength, and the Sullivan et al. (2015) simulations
make no assumptions regarding planetary atmospheres.
For the known planets discussed in Section 2.2, we
can make some assumptions regarding likely planetary
atmospheres based upon observations and estimated
bulk densities. Recent research has identified the ra-
dius regime from 1.5R⊕ to 2R⊕ as the transition re-
gion from rocky, terrestrial planets with high molecular
weight atmospheres to sub-Neptune planets enveloped
in hydrogen-dominated atmospheres (Elkins-Tanton &
Seager 2008; Miller-Ricci et al. 2009; Kempton 2011;
Marcy et al. 2014; Rogers 2015; Fulton et al. 2017).
Clear Atmospheres–For the purposes of our calcula-
tions, we assume that all planets with Rpl ≤ 1.5R⊕
are enveloped in a clear, isothermal water atmosphere
(mean molecular weight µ = 18), and we assume that
all planets with 1.5R⊕ < Rpl ≤ 4R⊕ are surrounded
by a clear, isothermal hydrogen-dominated atmosphere
(µ = 2.39). We use an isothermal atmosphere because
we do not have sufficient information to justify a more
complex structure, and also because transit spectra are
not directly sensitive to the source function in the ex-
oplanetary atmosphere. For each planet, we calculate
the equilibrium temperature assuming zero albedo and
uniform redistribution of heat. These temperatures are
reported for known exoplanets in Tables 1 and 2. In
reality, some planets in the transition region will likely
have heavy atmospheres, some will likely have lighter
atmospheres, and some will be rocky cores stripped of
an atmosphere. By assuming a single atmospheric com-
position within the two radii regimes, we can better de-
termine the contributions of other planetary parameters
on resultant S/N.
For most planetary compositions, the spectrum of wa-
ter vapor will dominate the NIRISS spectral region.
We estimate the signal produced by water lines in the
isothermal planetary atmospheres by employing a ver-
sion of a spectral transmittance code presented previ-
ously in Deming et al. (2013). Here, we modify the
code to cover the NIRISS bandpass. Our code uses a
slant-path geometry, assuming a 200-layer atmosphere
in hydrostatic equilibrium, with pressures in the lay-
ers equally spaced in log from 1 to 107 dynes cm−2.
The hydrogen-dominated atmospheres include continu-
ous opacity due to collision-induced absorption of H2
(Zheng & Borysow 1995; Borysow 2002). For the wa-
ter atmospheres, we place a solid surface at 1 bar (106
dynes cm−2). We calculate water opacity using wa-
ter lines (Barber et al. 2006) downloaded from the Ex-
omol Database5 (Tennyson & Yurchenko 2012). Our
code scales the strengths of the lines at the isother-
mal temperature of the planet, and then bins the scaled
strengths of the water lines into bins of width 0.01 cm−1,
much smaller than the NIRISS resolution (Deming &
Sheppard 2017). We convolve the high-resolution trans-
mission spectrum output by our code to the resolution
of the NIRISS instrument prior to employing the output
spectrum in our NIRISS simulator.
We previously validated the code as described in Dem-
ing et al. (2013). In addition, our code is in close agree-
ment with output results from Line et al. (2013a), as
shown in their Figure 5. In this work, we further com-
pare our code to the output results of Exo-Transmit
(Kempton et al. 2017), as shown in Figure 2 for a super-
Earth (Rpl = 1.28R⊕) at equilibrium temperature 788 K
with a clear water atmosphere. The system parameters
of the chosen super-Earth correspond to mean values
of system parameters for the published Sullivan et al.
(2015) TESS planets in the radius regime Rpl ≤ 1.5R⊕.
Exo-Transmit produces transmission spectra at a fixed
spectral resolution R = 1000. Our code produces a
high-resolution spectrum with millions of lines across
the NIRISS bandpass at sub-Doppler resolution (R >
300,000 across the NIRISS bandpass), which we then
convolve with a Gaussian to produce the R = 1000
spectrum illustrated in Figure 2. The Exo-Transmit
spectrum retains more structure since the spectrum is
produced at a native resolution R = 1000, whereas our
high-resolution code is smoothed to the same resolution.
The average values across the two spectra are in close
agreement.
Cloud Effects–Our spectral transmittance code allows
placement of an opaque cloud layer at a pressure level
of our choice. In this work, we examine the effects of
clouds by placing an opaque cloud deck at a pressure
of 10 mbar for planets with both water and hydrogen-
dominated atmospheres.
Use of Transmittance Code with Planetary Systems–
When applying our spectral transmittance code to the
known exoplanets, we apply the code to each planet indi-
vidually, using the system parameters reported in Tables
1, 2, and 3. However, when applying the code to the Sul-
livan et al. (2015) anticipated TESS planets and to the
50 Monte Carlo realizations of the TESS primary mis-
5 http://www.exomol.com/data/data-types/linelist/H2O/
1H2-16O/BT2/, accessed 29 Jan 2017
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Figure 2. Comparison of our transmission spectroscopy code to Exo-Transmit (Kempton et al. 2017) for a super-Earth
(Rpl = 1.28R⊕) at equilibrium temperature 788 K with a clear water atmosphere. The system parameters of the chosen super-
Earth correspond to mean values of system parameters for the published Sullivan et al. (2015) TESS planets in the radius regime
Rpl ≤ 1.5R⊕. Both spectra have resolving powers of 1000 but differ in details due to binning (see text).
sion data, it is computationally expedient to scale the
transmission spectra to planetary systems with mean
values of stellar radius and planetary radius, mass, and
temperature for the Sullivan et al. (2015) anticipated
TESS planets within each radius regime. The remain-
der of this subsection outlines the method we employ in
scaling the transmission spectrum of each TESS planet
to one of the two reference planets.
Our code outputs a transmission spectrum equivalent
to the transit depth of each reference planet. In general,
Transit Depth =
Areapl
Area∗
=
(Rpl + h)
2
R2∗
, (3)
where Rpl is the radius of the solid surface of the planet,
h is the wavelength-dependent thickness of the atmo-
sphere, and R∗ is the stellar radius. Expanding equation
3 and ignoring small terms, we find
Transit Depth ≈ R
2
pl
R2∗
+
2Rplh
R2∗
. (4)
The second term in equation 4 is the wavelength-
dependent term that must be scaled to each planetary
system. We note that since h represents the thickness
of the atmosphere, it must be proportional to the atmo-
spheric scale height H, which is found from
H =
kTpl
µg
=
kTplR
2
pl
µGMpl
, (5)
where k is Boltzmann’s constant, Tpl is the equilibrium
temperature of the planet, and g =
GMpl
R2pl
is the accel-
eration due to gravity on the planet, where G is the
universal gravitational constant and Mpl is the mass of
the planet. Denoting the second term in equation 4 with
the variable S, substituting equation 5 for H ∝ h, and
dropping various constants, we find
S =
2Rplh
R2∗
∝ TplR
3
pl
MplR2∗
∝ Tpl
ρplR2∗
, (6)
where ρpl is the density of the planet.
We use equation 6 to scale the atmosphere of any
TESS planet in one of the two radius regimes to the
appropriate reference planet. Specifically, using the sub-
script T to refer to the TESS planetary system, and the
subscript “ref” to refer to the reference planetary sys-
tem, we have
ST = Sref × Tpl,T
Tpl,ref
× ρpl,ref
ρpl,T
× R
2
∗,ref
R2∗,T
, (7)
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where ST is the wavelength-dependent transmission
spectrum for the TESS system, scaled to the reference
transmission spectrum Sref for the regime of interest.
2.4. Description of NIRISS Simulator
In this work, our simulator predicts the S/N attainable
by NIRISS, operating in SOSS mode, during 10-hour
observation programs of the Sullivan et al. (2015) an-
ticipated TESS discoveries, predicted TESS discoveries
from 50 Monte Carlo realizations of the TESS primary
mission, and the known exoplanets listed in Tables 1 and
2. We chose 10 hours per target to represent the order
of magnitude observation time, tobs, required to com-
plete a statistical survey project of multiple exoplanets.
Except as noted during our description of observational
overhead, our simulations equally apportion the obser-
vation time to periods in and out of transit. We do not
take into account minor effects such as stellar limb dark-
ening, and we assume that the entire cross sectional area
of the planet blocks the star throughout the transit. For
comparison, we also examine the S/N attainable in more
intensive 100-hour observation programs of the poten-
tially habitable TESS planets–those with Rpl ≤ 1.5R⊕
and cool or temperate equilibrium temperature.6
We have developed our NIRISS simulator in consul-
tation with the NIRISS instrument team, and we have
incorporated the latest NIRISS design values into our
simulator to the extent possible.7 In this section, we
describe in detail the method we use to model NIRISS
observations. We close the section by briefly explaining
how we explore the effects of observational overhead and
the presence of systematic noise on our S/N results.
2.4.1. Predicting JWST/NIRISS S/N
The NIRISS SOSS mode offers three readout modes
covering wavelengths from 0.6 to 2.8 microns (Doyon
et al. 2012). Here, we estimate NIRISS S/N only for
Order 1 spectra produced in nominal (256 x 2048 pixel
subarray) and bright (96 x 2048 pixel subarray) modes,
spanning wavelengths from 0.8 to 2.8 microns.8 The
bright mode read time (2.213 sec) is faster than that of
nominal mode (5.491 sec), thus allowing observation of
brighter targets before saturating the subarray pixels.
A weak cylindrical lens at the entrance to the NIRISS
6 In planning actual observation programs, visibility of the
targeted planetary systems and potential contamination by
partly overlapping spectra from nearby stars must be consid-
ered: http://maestria.astro.umontreal.ca/niriss/SOSS_cont/
SOSScontam.php. These topics are beyond the scope of this work.
7 http://jwst.astro.umontreal.ca/?page_id=51
8 The blue cut-off in bright mode is 0.9 microns due to the
smaller size of the subarray.
cross-dispersed grism spreads light across approximately
23 pixels in the spatial direction, also enabling observa-
tion of brighter objects before reaching pixel saturation.
Given a targeted planetary system for NIRISS obser-
vations, our simulation begins by selecting the appropri-
ate PHOENIX stellar model, which provides output stel-
lar flux in ergs sec−1 cm−2 A˚−1. We convolve the stellar
spectrum with a Gaussian corresponding to the NIRISS
optics resolution (∼1.6 pixels FWHM), and then con-
vert the model flux output at the star to a photon flux
arriving at the JWST observatory by scaling the stellar
model to the J-Band magnitude of the star, multiplying
by the area of JWST (25.3 m2), and then dividing by
the energy per photon hν, where h is Planck’s constant
and ν is the frequency of the photon. We calculate the
signal produced by the planetary atmosphere by deter-
mining the wavelength-dependent portion of the stellar
photons that are blocked by the atmospheric annulus
during transit (equation 3).
To determine the signal and noise detected by NIRISS,
we must account for instrument throughput and dis-
persion. The NIRISS design team has provided an es-
timate of throughput across the NIRISS bandpass at
a resolution of 1 nm. The estimate includes detector
quantum efficiency and transmission through all opti-
cal elements of the JWST observatory, NIRISS instru-
ment, and GR700XD grism. We apply the wavelength-
dependent throughput to the stellar model and to the
wavelength-dependent signal produced by the atmo-
sphere during transit. The dispersion of 0.974 nm/pixel
allows us to determine the wavelength range of each
NIRISS subarray column in the dispersion direction.
Knowing the wavelength (and frequency) range covered
by each column in the dispersion direction, we can then
determine the photon flux spread across the spatial di-
rection both in and out of transit. Our simulation also
incorporates noise due to zodiacal light (Kelsall et al.
1998) and JWST telescope thermal background (Swin-
yard et al. 2004), but these effects are negligible in prac-
tice for the observation of the bright transiting planet
host stars. Read noise and dark currents are also re-
garded as negligible for well-exposed integrations.
Before calculating the signal and noise produced dur-
ing an observation program, we must first determine
the efficiency of the observation. The on-sky efficiency
achievable with NIRISS depends upon the brightness of
the targeted stellar system. The integration time of a
given observation is determined by the number of reads,
also known as ngroups, performed before resetting the
well (Beichman et al. 2014; Batalha et al. 2017b). The
time to reset the well is equal to the time to perform
one read, which we denote as tframe. We calculate inte-
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gration time9 with
tint = tframe × (ngroups − 1), (8)
and on-sky efficiency using
η =
ngroups − 1
ngroups + 1
. (9)
Our simulation calculates and employs the maximum
on-sky efficiency possible without saturating any pix-
els. We do this by calculating the maximum number
of ngroups we can use without any pixels accumulating
greater than the full well capacity of 72,000 electrons.10
In performing this calculation, we make use of the fact
that when the photon flux is spread across the pixels in
the spatial direction, 7% of the photons fall in the peak
pixel. In calculating efficiency, we consider only corre-
lated double sampling, where flux is calculated by sub-
tracting the last read from the first read. The NIRISS
design also allows a superbias subtraction method to
calculate flux when observing brighter objects, but this
mode has more uncertainty in its noise properties, and
we do not consider it in this work.
In calculating ngroups, our simulator first assumes that
we are observing in nominal mode. If the required value
of ngroups is less than 2, which is the minimum value of
ngroups required when using correlated double sampling,
then we recalculate ngroups using bright mode instead.
For some stellar systems, pixels will saturate even in
bright mode. For the Sullivan et al. (2015) planets, the
plot of our output results shows those systems which
were observed using bright mode, and we also indicate
those systems where some pixels saturate. When analyz-
ing the 50 trials of TESS data, we present our results as a
2-dimensional histogram in S/N-R⊕ space. In present-
ing these results, we ignore those systems where pixel
saturation occurs in bright mode.11 For those systems
that are dim, the highest value of ngroups our simulator
employs is 88 (Beichman et al. 2014). After the optimum
number of ngroups has been calculated, our simulator de-
termines the on-sky efficiency using equation 9.
9 http://maestria.astro.umontreal.ca/niriss/simu1D/
SOSS_Simulator_Guide.pdf
10 We used full well capacity in our calculations since that is the
value used by the NIRISS 1D SOSS simulator. Going to full well
capacity could result in systematic effects (Wilkins et al. 2014).
Thus, we examined using 55,000 electrons rather than full well ca-
pacity and found that on-sky efficiency and therefore S/N changes
minimally in most cases. The greatest change in S/N of ∼20% oc-
curs for systems that are viewed at ngroups = 3 (η = 0.5) for
72,000 electrons and then ngroups = 2 (η = 0.33) for 55,000 elec-
trons. The conclusions of this work are unaltered by changing the
electron level used for saturation.
11 If the systems where pixel saturation occurs are included,
our results support the same conclusions.
Knowing the efficiency, the observation time, and the
photon flux from the star falling across the pixels, the
stellar shot noise is determined by using
Nshot =
√
η tobs F∗, (10)
where Nshot represents the photon shot noise and F∗ is
the photon flux falling across the pixels. Photon shot
noise is the primary source of noise for the S/N values
we report in Section 3.
A similar calculation is possible for the signal. Know-
ing the number of stellar photons blocked by the at-
mospheric annulus across the NIRISS bandpass, we can
calculate the signal produced by the water lines in the
atmosphere from
Satm = η
tobs
2
Fatm, (11)
where Satm represents the signal produced by the at-
mosphere and Fatm is that portion of the stellar flux
blocked by the atmospheric annulus.
The S/N varies greatly across the NIRISS bandpass,
which is to be expected since the strength of water lines
and the brightness of the host star differ with wave-
length. In this work, after calculating the wavelength-
dependent values of Nshot and Satm across the columns
of the NIRISS subarray, we next calculate the inte-
grated S/N for the detection of the atmosphere across
the NIRISS bandpass. In Figure 3, we illustrate graph-
ically our calculation of the signal (equation 11) in each
column across the subarray, as well as the integrated
S/N, which is what we report on our Figures in Section
3.
We validated our NIRISS simulation code by com-
paring it to the 1D SOSS simulator developed by the
NIRISS instrument design team.12 For all planetary sys-
tems where we compared the two codes, our results dif-
fered from those of the 1D SOSS simulator by 8 to 11%.
In Figure 4, we depict the out-of-transit stellar photons
collected per column on the NIRISS subarray as esti-
mated by both our simulator and that of the NIRISS
instrument team for a 100-hour observation program of
GJ1132. In this case, our photon count per pixel ex-
ceeds that found by the NIRISS 1D SOSS simulator by
∼11%.
2.4.2. Observational Overhead
Observational overhead accounts for the fact that dur-
ing actual JWST observations, not all of the telescope
time devoted to a program will be used for science.
12 http://maestria.astro.umontreal.ca/niriss/simu1D/
simu1D.php
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Figure 3. Graphical illustration showing our calculation of signal (equation 11) in each column of the NIRISS subarray, as well
as the integrated S/N across the NIRISS bandpass. The left vertical axis (blue curve) shows the transit depth, while the right
vertical axis (orange curve) shows photon flux. In calculating integrated S/N, Ni is the noise both in and out of transit due to
stellar photons, zodiacal light, and JWST telescope background.
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Figure 4. Comparison of the out-of-transit photon count per column of our NIRISS simulator to that of the NIRISS 1D SOSS
simulator produced by the instrument design team. Here, we compare photon counts for 72 transit observations of GJ1132b.
In this case, our photon count per column exceeds that found by the NIRISS 1D SOSS simulator by ∼11%. For all planetary
systems where we compared the two codes, our results differed from those of the 1D SOSS simulator by 8 to 11%.
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Rather, some of the time will be used to slew the obser-
vatory or set up the instrument. In general, the clock
time for a JWST observation is given by13
tclock = (tslew + tscience + tinstrument)× 1.16 + tscheduling.
(12)
Here, tslew = 30 min is the time to slew the telescope;
14
tscience is the observation time, both in and out of transit;
tinstrument = 17.1 min is an instrument overhead time;
15
and tscheduling = 60 min is the additional JWST time
required when scheduling an observation with a start
time more precise than 24 hours, certainly the case with
exoplanet transits. The factor of 1.16 is observatory
overhead that takes into account losses due to calibra-
tions and dead time of JWST. We note that equation
12 is the current expression used to estimate clock time,
but the expression is likely to change when JWST is
operational.
To determine the effects of observational overhead, we
modify equations 10 and 11 so that we calculate Nshot
and Satm using the number of transits, ntrans, and tran-
sit duration (T14), ttrans, as
Nshot =
√
2 η ntrans ttrans F∗, (13)
and
Satm = η ntrans ttrans Fatm. (14)
Then, we calculate ntrans using
ntrans =
tobs
(2ttrans + 47.1)× 1.16 + 60 , (15)
where times are in minutes. As before, we use tobs = 10
hrs = 600 min. Note that equations 13 and 14 could
be used in place of equations 10 and 11 in the simple
observation program described previously, where we ap-
portion equal amounts of time in and out of transit, but
in that case, the number of transits would be calculated
using the simple relationship ntrans = tobs/(2ttrans).
2.4.3. Systematic Noise per Transit Observation
In Section 3, we examine the effects of the system-
atic noise per transit observation on TESS discoveries,
13 https://jwst-docs.stsci.edu/display/JPPOM/Overhead+
Duration+Components
14 The time to slew JWST varies depending upon the slew
distance in arcseconds: https://jwst-docs.stsci.edu/display/
JPPOM/Slew+Times. The longest slew time reported, for 180 de-
grees, is ∼1 hour, so we use half of this time for all TESS systems.
15 Instrument overhead time includes target acquisition (10
minutes) and filter wheel movements. Further details can
be found at: https://jwst-docs.stsci.edu/display/JPPOM/
NIRISS+Overheads.
and then go on to show the spectra that may be antici-
pated for NIRISS observation programs of the known
exoplanet K2-3c, both with and without considering
this systematic noise. A relatively low residual system-
atic noise level is anticipated for JWST observations,
since with existing instruments we have already achieved
residual noise levels of ∼25 ppm with Hubble (Kreidberg
et al. 2014) and ∼30 ppm using Spitzer (Demory et al.
2016). Here we adopt the noise floor used by Greene
et al. (2016) of 20 ppm for one planetary transit. We
note that the exact nature of the systematic noise will
not be known until JWST commissioning. However,
we expect that any residual noise will be due to sys-
tematic effects that can be represented by an equiva-
lent sine wave because instrumental noise is commonly
bandwidth-filtered. For the observation programs we ex-
amine, multiple transits will be observed, with the state
of the instrument different for each telescope pointing,
and where the equivalent sine wave representing system-
atic effects is most likely observed at a different phase
during each observation. Thus, we assume the system-
atic noise will decrease as the square root of the number
of independent measurements, or transits.
To determine the effects of systematic noise on the
integrated S/N across the entire NIRISS bandpass for
the Sullivan et al. (2015) anticipated TESS planets, we
apply the systematic noise to each resolution element
(i.e., 2 columns). However, in presenting spectra for
K2-3c, we bin the S/N into 64 bins across the NIRISS
bandpass. Binning increases S/N above that of the indi-
vidual NIRISS resolution elements, but reduces resolv-
ing power across the bandpass. For 64 bins, resolving
power ranges from almost 30 at the blue cut-off to about
95 at the red cut-off. For the spectrum where systematic
noise has been incorporated, the noise in each of the 64
bins is calculated with
Nbin,total =
√
N2bin,shot + (
20× 10−6√
ntrans
× Fbin,∗)2, (16)
where the second term inside the square root on the
right-hand side of the equation represents the adjust-
ment made due to systematic noise.
3. RESULTS AND DISCUSSION
In this section, we present our analysis of attainable
NIRISS S/N in 10-hour observation programs of the Sul-
livan et al. (2015) predicted TESS planets, as well as
our analysis of 50 Monte Carlo realizations of TESS pri-
mary mission data, with comparisons to expected S/N
for known exoplanets. For comparison, we also examine
the S/N attainable in more intensive 100-hour observa-
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tion programs of the potentially habitable Sullivan et al.
(2015) predicted TESS planets–those with Rpl ≤ 1.5R⊕
and cool or temperate equilibrium temperatures. First
we show our results for the Sullivan et al. (2015) plan-
ets where mass is calculated using the Chen & Kipping
(2017) mass model. We then explore the effects of plane-
tary composition, observational overhead, and existence
of planetary clouds on these results. We next show our
results from analyzing 50 Monte Carlo realizations of
TESS primary mission data. We conclude the section
by presenting our analysis of the effects of systematic
noise on our predicted S/N for the TESS anticipated
discoveries. Additionally, based upon our estimates of
NIRISS S/N, we create sample spectra for the known
exoplanet K2-3c, illustrating the effects of adding sys-
tematic noise to a simulated spectrum.
3.1. S/N for Anticipated TESS Discoveries
We present our predicted NIRISS S/N for the an-
ticipated TESS discoveries published by Sullivan et al.
(2015) in Figure 5, overplotting our predictions of S/N
for existing exoplanet discoveries from space-based and
ground-based surveys. We then present predicted S/N
for more thorough 100-hour observation programs of po-
tentially habitable TESS discoveries in Figure 6. Our re-
sults show that TESS is likely to discover many super-
Earths and sub-Neptunes (1.5R⊕ < Rpl ≤ 4R⊕) that
are more amenable to atmospheric characterization than
anything we have yet discovered. However, our results
also show that for small exoplanets (Rpl ≤ 1.5R⊕) we
expect very few TESS discoveries will be better for at-
mospheric characterization than already-discovered ex-
oplanets. We emphasize that this outcome is based
upon Kepler-derived occurrence rates, and that co-
planar compact multi-planet systems (e.g., TRAPPIST-
1) may be under-represented in the predicted TESS
planet yield.
Closer examination of the small anticipated TESS
planets with the highest anticipated S/N reveals the
properties of the TESS discoveries likely to be most con-
ducive to follow-on atmospheric characterization stud-
ies. Two small planets achieved NIRISS S/N higher than
TRAPPIST-1b without saturating any of the NIRISS
pixels, and three cold or temperate planets with radii
∼1.4R⊕ have a higher S/N than LHS1140b. Table
4 shows that these planetary systems with high S/N
values have system parameters comparable to those of
GJ1132b, LHS1140b, and the TRAPPIST-1 planets, so
it is not surprising that NIRISS is able to attain a high
S/N. The planets orbit nearby low radii ultra-cool or M
dwarf host stars, which appear relatively bright when
observed in the J-band. In addition, from Table 4 we
see that the estimated radial velocity semi-amplitude
for these planets is ∼3 m s−1 or greater for all except
the smallest planet. Thus, we anticipate that current or
forthcoming radial velocity instruments should be able
to estimate the masses of these promising TESS discov-
eries.
Two prominent features in Figure 5 lead us to examine
the following questions. First, why are there so many
cold and temperate super-Earth and sub-Neptune plan-
ets with S/N comparable to or better than that for hot
planets with similar planetary radii? Does this make
sense, given the fact that we would expect the scale
height of the planetary atmosphere, and thus the sig-
nal, to increase with an increase in the temperature of
the planet’s atmosphere? Second, the S/N appears rel-
atively flat in the radius regime 1.5R⊕ < Rpl ≤ 4R⊕.
But according to equation 6, the signal produced by the
atmosphere should increase as density decreases, and
Figure 1 shows that density decreases with planetary
radius across this regime. Why doesn’t the S/N have a
positive slope on this plot?
The considerable number of cold and temperate super-
Earths and sub-Neptunes with relatively high S/N is ex-
plained by realizing that the signal depends not only on
the temperature of the planet’s atmosphere, but also on
the planet’s density and the cross sectional area of the
star, as can be seen by examining equations 5 and 6. In
Figure 7, we plot a dimensionless ratio of planet temper-
ature, density, and stellar cross-sectional area (the “sig-
nal”) versus planet temperature. The colorbar on the
plot indicates stellar temperature. We see that many
of the cold and temperate planets predicted by Sullivan
et al. (2015) have system parameters that produce a high
value of the dimensionless ratio, which accounts for the
considerable number of cold and temperate planets with
relatively high S/N values in Figure 5. In particular, the
highest values of the dimensionless ratio are produced by
those planets orbiting the coolest host stars, which also
have the smallest cross-sectional areas.
The apparent flatness of the S/N in the radius regime
1.5R⊕ < Rpl ≤ 4R⊕ of Figure 5 results from a combi-
nation of the type of preselected target stars chosen for
the TESS survey and the planet occurrence rates em-
ployed for those target stars in the Sullivan et al. (2015)
simulations. For multiple planets orbiting the same host
star, we expect S/N to increase with planetary radius.
However, the TESS planets of various radii orbit dif-
ferent host stars, and other factors will also influence
S/N. Nevertheless, we would expect that if we plot S/N
versus Rpl for a large sample of TESS host stars of the
same stellar type, the best-fit line should have a posi-
tive slope. We illustrate this in Figure 8 by showing S/N
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Figure 5. Integrated Signal-to-Noise (S/N) we predict for NIRISS detection of the atmosphere of anticipated TESS planets in
10-hour observation programs of all planets. We also show integrated S/N for known exoplanets discovered from space-based
and ground-based surveys. Our results show that TESS is likely to find many planets with promising properties in the radius
regime 1.5R⊕ < Rpl < 4R⊕. In particular, the planets found in the radius regime 1.5R⊕ < Rpl < 2R⊕ will help to define
the parameter space where planetary atmospheres transition from hydrogen-dominated to high molecular weights. However,
TESS is unlikely to discover many terrestrial-sized planets more amenable to atmospheric characterization than those that have
already been discovered. We emphasize that the outcome for terrestrial-sized planets is based upon Kepler-derived occurrence
rates, and that co-planar compact multi-planet systems (e.g., TRAPPIST-1) may be under-represented in the predicted TESS
planet yield. The apparent step function at 1.5R⊕ results from assuming all planets with Rpl ≤ 1.5R⊕ have water atmospheres,
and all planets with 1.5R⊕ < Rpl < 4R⊕ have hydrogen-dominated atmospheres (Section 2.3.2).
versus planetary radius, with the symbols color-coded by
stellar temperature. By referring to each color (i.e., each
stellar type) separately, we detect a trend towards a pos-
itive slope across the sub-Neptune radius regime. To aid
in visualization, we also plot best-fit lines for host stars
of three different stellar temperatures. However, we em-
phasize that we are only looking qualitatively for a pos-
itive trend. Although the host stars have the same stel-
lar temperatures, the planetary systems vary in stellar
radii, distance from Earth (affecting brightness and thus
on-sky efficiency η), and planetary equilibrium temper-
ature, all of which will influence the attainable S/N. For
the best-fit lines, we used 18 planetary systems to com-
pute the best-fit line for 3300K, 22 planetary systems to
compute the best-fit line for 3500K, and 25 planetary
systems (with 5470K ≤ Teff ≤ 5530K) to compute the
best-fit line for 5500K. For each of the three stellar tem-
peratures examined, we use the same PHOENIX stellar
model spectra for all host stars.
3.2. Sensitivity to Planetary Composition
We turn now to an examination of the sensitivity of
our results shown in Figure 5 to various factors, begin-
ning with planetary composition. For each TESS planet,
Figure 9 shows the S/N attained for three homogeneous
compositions, where we calculated masses using theoret-
ical models (Seager et al. 2007), and we compare to the
S/N predicted for the Chen & Kipping (2017) empirical
mass model. For comparison, we overplot our predic-
tions of S/N attainable for currently known exoplanets.
In the radius regime examined, the NIRISS S/N at-
tained for a given TESS planet with an ice composi-
tion is 6 to 7 times higher than that attained for an
iron composition. The S/N values for the pervoskite
composition and Chen/Kipping mass model lie between
the values for ice and iron. The wide variation of S/N
for TESS planets of different compositions emphasizes
the importance of constraining planetary masses prior to
conducting JWST observations (Batalha et al. 2017a).
Low density is one factor contributing to a relatively
high S/N. Referring to Figure 1, we see that the rela-
tively low estimated densities of the TRAPPIST-1 plan-
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Figure 6. Integrated Signal-to-Noise (S/N) we predict for NIRISS detection of the atmosphere in 100-hour observation programs
of potentially habitable anticipated TESS discoveries–planets with Rpl ≤ 1.5R⊕ and cool or temperate equilibrium temperatures.
We compare resulting S/N to that of known discoveries from space-based and ground-based surveys.
Table 4. Terrestrial-Sized Anticipated TESS Planets with High NIRISS S/N
TESS Catalog J V Distance Stellar Stellar Planet Planet Radial Velocity NIRISS
Number Radius, R∗ Temperature Radius, Rpl Temperature Semi-Amplitude S/N
(mag) (mag) (pc) (R) (K) (R⊕) (K) (m s−1)
922 11.3 16.2 13.2 0.116 2730 1.39 290 6.65 23.8
1308 7.97 11.6 8.71 0.249 3370 1.49 289 2.90 16.0
1622 11.4 15.3 26.9 0.172 3230 0.71 693 0.76 30.6
1745 10.4 14.0 25.1 0.224 3340 1.09 904 2.97 23.6
1919 12.2 16.8 22.4 0.119 2840 1.40 236 5.08 12.2
Note—Planetary systems parameters, including the estimate of radial velocity semi-amplitude, are taken from Sullivan et al. (2015).
NIRISS signal-to-noise is calculated in this work.
ets contribute to their high S/N. In fact, the S/N for
most of the TRAPPIST-1 planets falls when density
is estimated using an Earth-like composition. Inter-
estingly, although the current density estimate of LHS-
1142b lies near that of a dense, pure iron planet, its S/N
rivals that of similarly-sized TESS planets with masses
calculated using the Chen/Kipping empirical relation-
ship. In fact, the S/N for LHS-1142b rises when we es-
timate its mass using an Earth-like composition. Thus,
as the masses of these planets are further constrained,
we would expect our predictions of S/N to change.
3.3. Observational Overhead Effects
The S/N estimates presented thus far assume 10-hour
observation programs, with equal amounts of time in
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Figure 7. The signal produced by the planetary atmosphere varies directly with the planet’s temperature, and inversely with the
planetary density and stellar cross-sectional area. We create a dimensionless ratio of these factors by multiplying by k
µG
, where
k is Boltzmann’s constant, G is Newton’s gravitational constant, and µ is the molecular weight in kg of the hydrogen-dominated
atmosphere. We then plot this dimensionless ratio versus planetary temperature for those planets with 1.5R⊕ < Rpl ≤ 4R⊕.
We see that many of the cold and temperate planets predicted by Sullivan et al. (2015) have system parameters that produce a
high value of the dimensionless ratio, which accounts for the considerable number of cold and temperate planets with relatively
high S/N values in Figure 5. In particular, the highest values of the dimensionless ratio are produced by those planets orbiting
the coolest host stars, which also have the smallest cross-sectional areas.
and out of transit. Figure 10 shows that when ob-
servational overhead is considered in 10-hour observa-
tion programs, we will have a 7 to 9 percent decrease
in predicted S/N for the TESS anticipated discoveries,
with the coolest host stars suffering the largest impacts.
Planetary systems with short transit durations suffer
greater effects from the constant time periods per visit
required to set up the JWST observatory or the NIRISS
instrument. The reason for this impact is that planetary
systems with short transit durations must be revisited
more often in order to accumulate a given amount of
scientific observation time. Thus, a greater amount of
the total requested telescope time is devoted to non-
scientific activities. Note that the apparent decrease in
the number of cool host stars with planetary radius in
Figure 10 is due to a combination of a selection bias
for M dwarfs in the preselected TESS target stars, the
planet occurrence rates used in the Sullivan et al. (2015)
simulations, and increased TESS sensitivity to shorter
period exoplanets.
3.4. Cloud Effects
The presence of clouds in planetary atmospheres de-
creases S/N by effectively blocking transmission of stel-
lar radiation above some pressure level, allowing us to
detect spectral features due to molecular absorption only
in regions of the atmosphere above the level where clouds
condense. As shown in Figure 11, we estimate the ef-
fects of clouds on S/N by placing an opaque cloud deck
at 10 mbar. For small planets with water atmospheres
(Rpl ≤ 1.5R⊕), the S/N for clear atmospheres shown in
Figure 5 is about 1.5 times higher than that found for
cloudy atmospheres. For larger planets with hydrogen-
dominated atmospheres (1.5R⊕ < Rpl ≤ 4R⊕), we find
that S/N for clear atmospheres is about 5.5 times greater
than that for cloudy atmospheres.
During actual observations, the percentage of cloud
cover as well as the pressure level where clouds con-
dense will vary depending upon the observed exoplanet.
In Section 4, we explore this statistical variation in cloud
effects by applying random fluctuations to the number
of atmospheric scale heights through which water ab-
sorption can be detected.
3.5. Analysis Of 50 Trials of TESS Primary Mission
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Figure 8. For a given host star, the signal produced by the planetary atmosphere during transit increases with planetary
radius. However, this increase in S/N with planetary radius is hidden in Figure 5 since all of the TESS systems are shown on a
single Figure. In addition, the stellar types observed vary with planetary radius due to a combination of the preselected target
stars chosen for the TESS mission and the planet occurrence rates employed for those target stars in the Sullivan et al. (2015)
simulations. Here, we plot S/N versus planetary radius with the color of the symbols indicating stellar temperature. By referring
to each color (i.e., each stellar type) in this Figure separately, we detect a trend towards a positive slope across the sub-Neptune
radius regime. To aid in visualization, we also plot best-fit lines for host stars of three different stellar temperatures. From top
to bottom, the three lines are for host star temperatures of 3300K, 3500K, and 5500K. Each line spans planetary radii values
between the lowest and highest planetary radii values used in fitting the line.
The catalog of anticipated TESS discoveries published
by Sullivan et al. (2015) represents only one possible out-
come for the planet yield from the TESS primary mis-
sion. To achieve a more statistically robust prediction
of the suitability of TESS primary mission discoveries to
atmospheric characterization, we examined data from 50
Monte Carlo realizations of the TESS primary mission.
We present our results as Figure 12, a 2-dimensional
histogram in S/N-Rpl space. We place thirty bins log-
arithmically from 100 to 103 along the S/N axis, and
every 0.1R⊕ along the Rpl axis. The number of planets
found in a given bin is an average of the number pre-
dicted over all 50 trials of the TESS primary mission,
and represents the expected number of planets we will
discover in that regime. As in Figure 5, we overplot our
predictions of S/N for existing discoveries from space-
based and ground-based surveys. Figure 12 supports
our conclusions from Figure 5. While TESS will dis-
cover very few terrestrial-sized planets more amenable
to atmospheric characterization than those that have
already been discovered, TESS is likely to find many
planets with promising properties in the radius regime
1.5R⊕ < Rpl ≤ 4R⊕. However, we reiterate that this
outcome is based upon Kepler-derived occurrence rates,
and that co-planar compact multi-planet systems (e.g.,
TRAPPIST-1) may be under-represented in the pre-
dicted TESS planet yield.
Numerical integration of various regions of Figure
12 provides some quantitative insight into our conclu-
sions. For example, if we integrate the region with
Rpl < RGJ1132b and S/N > S/NGJ1132b, we find that
TESS is likely to discover only 1.84 planets in this regime
over its 2-year primary mission. Similarly, TESS is likely
to discover only about 6.18 cold or temperate plan-
ets (T < 373K) with radii less than and S/N higher
than LHS1140b with an Earthlike density. In the ra-
dius regime 1.5R⊕ < Rpl ≤ 2R⊕, TESS will discover
about 245 planets over its primary mission with S/N
greater than that of K2-3c. Similarly, in the radius
regime 2R⊕ < Rpl ≤ 2.5R⊕, we predict TESS will dis-
cover about 391 planets with S/N greater than that of
K2-3b. Thus, TESS is likely to discover many promising
super-Earth and sub-Neptune-sized exoplanet targets.
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Figure 9. Integrated Signal-to-Noise (S/N) we predict for NIRISS detection of the atmosphere in 10-hour observation programs
of anticipated TESS planets for four different compositions. We calculated masses for the three homogeneously composed planets
using the theoretical relationships of Seager et al. (2007), and we compared this to the S/N attainable with masses calculated
using the Chen & Kipping (2017) empirical relationship. We overplot our predictions of S/N for known exoplanets, where we
used the masses reported in Tables 1, 2, and 3. For the Sullivan et al. (2015) anticipated TESS planets, our predicted NIRISS
S/N for an ice composition is 6 to 7 times higher than that for a dense iron composition. To better visualize the impact of
various compositions on a single planet, we chose five anticipated TESS planets and outlined the four symbols (one for each
composition) in black, joining the symbols with a black line.
3.6. Sensitivity to Systematic Noise
We present our estimates of NIRISS S/N sensitivity
to systematic noise for the anticipated TESS discoveries
in Figure 13. For 10-hour observation programs, we find
that systematic noise will cause S/N to decrease by up to
∼20% (i.e., S/N is ∼0.8 times that without systematic
noise), with the hottest host stars suffering the greatest
effects. One reason that the hottest stars are affected
most is that the TESS discoveries with the hottest host
stars also generally have the longest orbital periods and
the longest transit durations, so that fewer visits are
required to accumulate 10 hours of observation time.
Since the systematic noise decreases with the square root
of the number of observed transits, the hottest host stars
are thus affected more. Brighter host stars also generally
suffer greater effects.
Importantly, we note that the spectral scale at which
we apply the systematic noise is critical. In our results
for the 1,984 Sullivan et al. (2015) TESS planets, we
applied the systematic noise to the resolution elements
(i.e., two columns) across the NIRISS bandpass. If in-
stead the systematic noise is applied to larger bins (e.g.,
32 columns) across the NIRISS bandpass, the effects
of the systematic noise are magnified. In Figure 14,
we show the results of applying systematic noise to the
known exoplanet K2-3c. As described in Section 2.4.3,
we apply the systematic noise to each of the 64 bins in
our spectra. For K2-3c, we also tried applying the sys-
tematic noise to each NIRISS resolution element (i.e.,
two columns) instead, and we found that in that case
the effects of the systematic noise on each of the 64 bins
was negligible.
We use estimated S/N for a 10-hour observation
program of K2-3c, which we assume has a hydrogen-
dominated atmosphere, to develop the predicted trans-
mission spectra of Figure 14. In the S/N presented
in previous sections, photon noise constitutes the major
noise source. In our predicted spectral plot for K2-3c, we
show two spectra: one where photon noise dominates,
and one with systematic noise incorporated in addition
to all other sources of noise. Although the addition of
systematic noise does affect the output spectra in Figure
14, the variation of transit depth with wavelength–as
caused by water lines in an atmosphere–will still be
detectable in a 10-hour observation program.
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Figure 10. Our predictions of the percent decrease in Signal-to-Noise (S/N) when considering observational overhead for 10-
hour observation programs. In general, the coolest stars suffer the highest percent decrease in S/N. This is because the transit
duration is generally shorter for cooler–and thus smaller–stars, where the orbital semi-major axis is shorter. The decrease in the
number of cool host stars with planetary radius results from a combination of a selection bias for M dwarfs in the preselected
TESS target stars, the planet occurrence rates used in the Sullivan et al. (2015) simulations, and increased TESS sensitivity to
shorter period exoplanets.
4. JWST FOLLOW-UP OBSERVATION PROGRAM
We have shown in Sections 3.1 and 3.5 that TESS
will discover many promising exoplanet targets for atmo-
spheric characterization in the radius regime 1.5R⊕ <
Rpl < 2R⊕. Recent work has shown that planetary
atmospheres are likely to transition from hydrogen-
dominated atmospheres to high molecular weight atmo-
spheres within this radius regime (Rogers 2015; Fulton
et al. 2017). Here, we use our results from Section 3 to
estimate the scope of a JWST follow-up observation pro-
gram of TESS discoveries that would enable us to map
the transition from low to high mean molecular weight
atmospheres.
We have run 100,000 trials of a synthetic observing
program that seeks to map the nature of the transi-
tion from low to high molecular weight atmospheres.
For each trial, we compare our synthetic observations
to two possible functions that describe the transition
in water vapor absorption going from exo-Neptunes to
the domain of rocky planets at small radii. Since our
simulations use a step function in atmospheric compo-
sition with the discontinuity at 1.5R⊕, that step func-
tion is our first possible transition function. We com-
pare it to a function wherein the water absorption mea-
sured in equivalent scale heights (see below) is assumed
to be a linear function of the log of planetary radius,
similar to the power law described by Kreidberg et al.
(2014). For each trial observing program, we calculate
the Bayesian Information Criterion for the step func-
tion, and the power law after fitting to the data. Since
our synthetic data are based on the step function, a
sufficiently intense JWST transit spectroscopy program
should produce a BIC value exceeding (by > 10) the
BIC value for the best fitting power law.
Our trials seek to incorporate realistic observing con-
ditions as much as possible. The primary limitation will
be due to the presence of clouds on the exoplanets. For
hot Jupiters, clouds reduce the magnitude of the water
absorption from ∼ 5 scale heights in a clear atmosphere
to much less. In their statistical study, Iyer et al. (2016)
found an average of 1.8 scale heights of absorption in hot
Jupiters, and Fu et al. (2017) found 1.4 scale heights
with a larger sample. We therefore scale our calcu-
lated spectra and S/N ratios to the equivalent of N scale
heights for each planet, and we vary N by adding ran-
dom fluctuations to mimic the cosmic variation in cloud
occurrence. (This assumes that the cloud properties of
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Figure 11. Our predictions showing the anticipated Signal-to-Noise (S/N) achievable in 10-hour observation programs of
planets with cloud decks placed at a pressure of 10 mbar. When compared to our results in Figure 5, cloudy atmospheres will
reduce S/N values for small planets with water atmospheres (Rpl ≤ 1.5R⊕) by about 1.5 times, and for larger planets with
hydrogen-dominated atmospheres (1.5 < Rpl ≤ 4R⊕) by about 5.5 times.
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Figure 12. Two-dimensional histogram showing the Signal-to-Noise (S/N) we predict for 10-hour observation programs based
upon analysis of 50 Monte Carlo realizations of the TESS primary mission. Thirty bins are logarithmically spaced from 100 to
103 along the S/N axis, and bins are spaced every 0.1R⊕ along the Rpl axis. For comparison, we overplot our results for existing
discoveries from space-based and ground-based surveys.
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Figure 13. Our predictions of the percent decrease in Signal-to-Noise (S/N) when a 20 ppm residual noise level–decreasing
with the square root of the number of transits–is incorporated into 10-hour observation programs. The decrease in S/N is not
uniform across all Sullivan et al. (2015) anticipated TESS discoveries, but varies with planetary system properties, reaching up
to ∼20% for some systems. In 10-hour observation programs, the hottest host stars are affected the most by systematic noise.
This is partially because the orbital period and transit duration of TESS discoveries are longest for the hottest host stars, so
that fewer visits are required to complete a given observation program. In addition, the brightest host stars suffer the greatest
effects.
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Figure 14. Predicted transit spectra resulting from a 10-hour observation program of the known exoplanet K2-3c, assuming
a hydrogen-dominated atmosphere. Spectra for the planet are shown both with and without systematic noise. The systematic
noise is set at 20 ppm for one transit, but decreases as the square root of the number of transits. Although systematic noise
will affect the quality of the observed spectrum, the variation of transit depth with wavelength should be detectable.
small planets are statistically similar to the hot Jupiters,
but inadequate statistics for small planets allow no al-
ternative.) We adopt a log-normal distribution for N ,
using the average value (1.4) and dispersion (σ = 0.13 in
log10), from Fu et al. (2017). For each trial, we choose
2 to 15 planets orbiting stars brighter than J=10, pick-
ing an equal number randomly from both ranges in radii
(< 1.5R⊕ and ≥ 1.5R⊕). We observe one transit of each
planet, we include JWST’s charged overhead per visit to
each transit based on Eq. 12, and we convert our scaled
synthetic spectra and signal-to-noise ratios to an equiva-
lent number of scale heights, under the assumption that
every planet has a mean molecular weight of 2.3 (i.e.,
a H-He atmosphere). This scaling is not physical, but
conveniently serves to illustrate the transition between
the H-He and water vapor atmospheres.
We fit our transition functions to the number of equiv-
alent scale heights of absorption as a function of plan-
etary radius. The number of equivalent scale heights
effectively measures the composition of the atmosphere,
because the high molecular weight atmospheres will pro-
duce smaller signals. Our simulated observing program
interprets those small signals as fewer equivalent scale
heights. This simple method follows Miller-Ricci et al.
(2009), and is a conservative (worst-case) procedure
because more sophisticated analysis methods (e.g., re-
trievals for all planets as per Line et al. 2013b) would
have greater ability to clarify the nature of the transition
function.
Figure 15 shows two example trials from our simula-
tion. The top panel shows a 117-hour observing program
that obtains spectra of 9 planets in each radius regime
(18 planets total), and it easily discriminates the step
function from the power law. However, the lower panel
shows a 66-hour observing program (10 total planets)
that would conclude in favor of the power law, in spite
of the fact that the synthetic data are derived from the
step function. That occurs because two of the rocky
planets have very small observed errors, and by chance
the power law that connects them extends reasonably
well to the larger planets. Since the planets with the
smallest errors dominate χ2 (and hence the BIC), the
result in this case would erroneously conclude in favor
of a power law relation between planet radius and at-
mospheric mean molecular weight.
Considering the totality of our 100,000 trials, we find
good news, and bad news, both illustrated in Figure 16.
The good news is that the TESS planets will enable even
modest observing programs (between 60 and 100 hours
of charged time) to define the physical nature of the
transition between low and high molecular weight at-
mospheres. Specifically, the cumulative distribution of
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Figure 15. Examples of results from two of our trial syn-
thetic JWST observing programs using NIRISS. The abscissa
is planet radius, and the ordinate is the equivalent number
of scale heights of absorption, scaled to a mean molecular
weight of 2.3. Since the small planets have water vapor at-
mospheres, their equivalent scale height values are small, re-
flecting the high molecular weight of their atmospheres. The
top panel observes 18 planets in 117 hours of charged JWST
time, at one transit per planet. It easily discriminates the
step function from the poorly-fitting power law (blue line),
with a BIC difference of 180. The lower panel shows results
from a 66-hour observing program, wherein the power law
(blue line) is a better fit (BIC smaller by 15) than the step
function, in spite of the fact that these synthetic data were
drawn from a distribution using the step function.
∆BIC values for the 60-100 hour observing programs
exceeds 10 (strongly supporting the step function) 76%
of the time, and 100-140 hour observing programs have
∆BIC exceeding 10 for 88% of the trials. The bad news
is that even the largest programs fall short of the levels of
certainty that are desired for such an important problem
(we would prefer 95% or greater). However, inspection
of the failed cases (as in the lower panel of Figure 15)
indicates how to achieve greater certainty. Observing
programs often fail when a relatively few planets are
observed to high signal-to-noise, and they dominate the
Figure 16. Cumulative distribution of the difference in
Bayesian Information Criteria for best fit step functions and
the power law, wherein a difference greater than 10 (vertical
dashed line) strongly favors the step function. The blue line
shows the distribution for observing programs between 60
and 100 hours of charged JWST time, and the green line is
for programs between 100 and 140 hours.
BIC values, but the random nature of cloud coverage
biases the best fitting function. Specifically, a cloudy
atmosphere on a small planet combined with a clear at-
mosphere on a larger planet, can be mis-interpreted as a
trend in mean molecular weight. Other caveats are that
the transition from low- to high-molecular-weight atmo-
spheres may be more complex than either of our simple
models, and the nature and occurrence of clouds may
differ from the statistical behavior that we have inferred
based on current observations. Nevertheless, based on
our simple assumptions, we conclude that good observ-
ing program design (uniformity in observed signal-to-
noise from planet to planet), combined with analysis
methods that break degeneracies between water abun-
dance and cloud coverage, can potentially enable JWST
observing programs of 60 to 100 hours to define the na-
ture of the transition in atmospheric properties going
from Neptunes to rocky super-Earths.
5. SUMMARY AND CONCLUSION
We have analyzed the anticipated TESS discoveries
published by Sullivan et al. (2015), as well as 50 Monte
Carlo realizations of the TESS primary mission pro-
duced by Bouma et al. (2017), to predict the NIRISS
S/N likely to be achieved in transmission spectroscopy
of the TESS planets. In order to predict the TESS dis-
coveries with the best prospects for atmospheric charac-
terization, we compared our results to predictions of S/N
for 18 already known exoplanets. In calculating S/N, we
modeled all Rpl ≤ 1.5R⊕ planets with cloud-free pure
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water atmospheres, and all 1.5R⊕ < Rpl < 4R⊕ planets
with clear hydrogen-dominated atmospheres. We inves-
tigated the effects of planetary composition, cloud cover,
and systematic noise on our results. We found:
1. TESS will find hundreds of super-Earths and sub-
Neptunes (1.5R⊕ < Rpl ≤ 4R⊕) capable of pro-
ducing higher S/N than already known exoplanets.
In particular, TESS is likely to produce ∼245 plan-
ets within the radius regime (1.5R⊕ < Rpl ≤ 2R⊕)
with S/N higher than that of K2-3c, and ∼391
planets within the radius regime (2R⊕ < Rpl ≤
2.5R⊕) with S/N higher than that of K2-3b.
2. TESS will find very few terrestrial-sized planets
(Rpl ≤ 1.5R⊕) with NIRISS S/N better than
that of already-known exoplanets such as the
TRAPPIST-1 planets, GJ1132b, or LHS1140b.
However, we note that the Sullivan et al. (2015)
and Bouma et al. (2017) anticipated TESS discov-
eries are based upon the Kepler planet occurrence
rates reported by Fressin et al. (2013) and Dress-
ing & Charbonneau (2015), and that co-planar
compact multi-planet systems orbiting ultra-cool
dwarf stars (e.g., TRAPPIST-1) may be under-
represented. Such systems may boost the number
of TESS-discovered rocky planets producing high
NIRISS S/N in transmission spectroscopy.
3. Our analysis of planetary composition shows
that attainable S/N is sensitive to planet den-
sity. NIRISS S/N for an ice composition is 6 to
7 times higher than that for a dense iron com-
position. Thus, we emphasize the importance
of constraining planet mass prior to conducting
JWST follow-up observations for a given planet.
4. The presence of an opaque cloud deck at 10 mbar
will decrease attainable S/N by about 5.5 times for
planets with hydrogen-dominated atmospheres.
Longer observation programs will be required to
constrain molecular abundances in planets with
clouds. In addition, Greene et al. (2016) showed
that 1-11 µm spectra, requiring multiple JWST
instruments, may be necessary to fully constrain
cloudy atmospheres.
5. Residual systematic noise will decrease attainable
S/N in 10-hour observation programs by up to
∼20%, with hotter and brighter host stars suf-
fering the most effects. We assume the system-
atic noise will decrease with the square root of
the number of observed transits, so effects will be
minimized in programs that observe more tran-
sits within a given total duration. We applied the
systematic noise to each resolution element (i.e, 2
columns) when examining its effects on the TESS
planets.
6. We applied our NIRISS S/N calculations to esti-
mate the required magnitude of a JWST follow-
up program devoted to mapping the transition re-
gion between high molecular weight and hydrogen-
dominated atmospheres. We conclude that the
TESS planets will allow relatively modest observ-
ing programs (60 to 100 hours of charged JWST
time) to define the nature of that transition (e.g.,
step function versus a power law). However, it will
be necessary to design the observing program to
have good uniformity in S/N, so that the results
are not biased by a few planets with high S/N and
unusual atmospheric conditions (e.g., cloud cover-
age).
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